The pacu (Piaractus mesopotamicus) is a hypoxia-tolerant neotropical fish species. There is little or no information in this species regarding biochemical adaptations to waters with different oxygen concentrations, such as the production of reactive oxygen species and antioxidant scavengers, which might be of interest in the study of antioxidant defense mechanisms. Metallothioneins (MT) have been widely applied as biomarkers for metal exposure in fish liver, and, recently, in bile. These metalloproteins, however, have also been reported as free radical scavengers, although studies in this regard are scarce in fish. In this context, normoxic and hypoxic controlled experiments were conducted with pacu specimens and MT levels were quantified in both liver and bile. Reduced glutathione (GSH) indicative of oxidative stress, and thiobarbituric acid reactive substances (TBARS), indicative of lipid peroxidation, were also determined in liver. The results demonstrate that hypoxic fish present significantly lower metallothionein levels in liver and bile and lower reduced glutathione levels in liver, whereas lipid peroxidation was not significantly different between hypoxic and normoxic fish. The results of the present study seem to suggest that metallothioneins may actively participate in redox regulation in hypoxic fish in both bile and liver. MT levels in these organs may be temporarily suppressed, supporting the notion that down-regulation of oxidant scavengers during the oxidative burst is important in defense signaling in these adapted organisms.
Introduction
The amount of dissolved oxygen in water is very important for aquatic organisms. This parameter affects the growth, survival, distribution, behavior and physiology of several aquatic organisms (Solis, 1988) . For instance, only fish that tolerate low oxygen can survive in swamps and forest streams (Deekae et al., 2010) .
Hypoxia is known to increase oxidative radical production when compared to normoxic conditions (Chandel and Budinger, 2007) . This has been reported in some fish species, such as hypoxia-exposed Chinese sleeper (Percottus glenii) (Lushchak and Bagnyukova, 2007) and the hypoxia-tolerant medaka fish (Oryzias latipes) (Oehlers et al., 2007) . The fact that hypoxia-induced oxidative stress occurs even in hypoxia-tolerant fish species is of interest, and the topic remains one of intensive discourse (Leveelahti, 2014) .
The South American Pantanal area suffers cyclic inundation pulses, with annual floods and dry seasons. The seasonal variance in oxygen availability among the area's water bodies can result in periods of profound hypoxia (o2 mg L À 1 O 2 ) lasting for up to several months at a time (Almeida-Val et al., 2000) . The varying states of water levels throughout this area have led to several behavioral, physiological, biochemical and molecular adaptations in many Pantanal fish species that enable them to cope with hypoxia (Hamilton et al., 1995) . The molecular mechanisms of hypoxia tolerance in fish in general, however, remain largely unknown, and there is little or no information regarding biochemical adaptations, such as the production of reactive oxygen species and antioxidant scavengers, to waters with different oxygen concentrations (Bastos et al., 2007) . The pacu (Piaractus mesopotamicus) is a neotropical fish species of the South American Pantanal area which can survive under oxygen concentrations of less than 1 mg L À 1 (Bastos et al., 2007) , making it an ideal model species for studies on hypoxia effects in these organisms. Several metalloproteins have been observed in fish (Santos et al., 2011) , and some of them have recently been applied as biomarkers of exposure for environmental contamination, such as metallothioneins (MT) (Hauser-Davis et al., 2012) . Metallothioneins have been widely applied in fish to indicate environmental metal exposure in several organs, such as muscle and liver, and, more recently, in bile (Hauser-Davis et al., 2012) . In addition, these metalloproteins are also involved in the regulatory control of zinc metabolism, protecting neurons against toxic metals and protection and regeneration following neurological injury (Dittmann et al., 2005; Masters et al., 1994; Miyazaki et al., 2002) . They have also been known to exhibit free radical scavenging activity, where the abundant cysteine residues present in these metalloproteins are actively involved in the capture of harmful oxidant radicals, such as superoxide and hydroxyl radicals (Kumari et al., 1998) . In this reaction, the cysteine residues are oxidized and become cystine, and the metal ions eventually bound to the cysteine are released and radical uptake takes place (Kumari et al., 1998) . Thus, it is now accepted that MT are also involved in intracellular protection against reactive oxygen free radical species which can cause lipid peroxidation, protein oxidation and DNA damage (Dittmann et al., 2005) . This fact, however, has been mostly reported for mammals with regard to MT in the central nervous system. However, studies in fish in this regard are still scarce. Some reports indicate that MT is important as an overall antioxidant and is induced in response to factors promoting oxidative stress in these organisms (Kling and Olsson, 2005) . For example, MT have been reported as reducing peroxidative damage to liver (Ahmad et al., 2000) , and it has been suggested that both elevated GSH and MT afford H 2 O 2 protection (Wright et al., 2000) . Thus, this study aimed to (i) conduct a first-time investigation of whether hypoxic conditions would modify metallothionein levels in pacu in liver, (ii) verify if this protein is also present in pacu bile and (iii) investigate if changes in MT levels followed the same trend in liver and bile. Thiobarbituric acid reactive substances (TBARS) formed as the result of lipid peroxidation and total reduced glutathione (GSH), an antioxidant tripeptide, were also determined in liver, to verify oxidative stress and lipid peroxidation in a validated organ regarding these measurements, for comparisons with bile.
Material and methods

Fish specimens and laboratory setup
Pacu specimens (P. mesopotamicus Holmberg, 1887; Characiformes, Characidae) weighing between 400 and 500 g (approximately 30 cm total length) were purchased from the Sol Nascente fish farm located in the municipality of Laje de Muriaé, northern Rio de Janeiro, Brazil (lat: 21112 0 24″ South, long: 4217 0 57″ West). The animals were acclimated for 8 h at 25 1C (23 7 21 C) before the trials. After acclimation, the fish were then maintained in 1000 L tanks at 6.5 mg O 2 L , 1995) . Hypoxia was maintained constant by bubbling nitrogen gas in the water. Oxygen levels were measured with an oximeter (model HI 91410, Hanna instruments). Aerial surface respiration was avoided by covering all tanks flush at the water level with tight mesh nylon. Temperature was maintained constant at 25 1C (23 721 C). At the end of the experiment, the fish were sacrificed in accordance with procedures recommended by COBEA and bile and liver were immediately removed, the former by direct puncture of the gallbladder, and stored at À 80 1C in sterile polypropylene tubes until analyses.
Sample processing for MT extraction
MT extraction was carried out by thermal extraction in both bile and liver, according to the protocol proposed by Erk et al. (2002) . Briefly, bile (n¼ 10 for the normoxic group, and n ¼8 for the hypoxic group) and liver (n¼ 8 for the normoxic group, and n¼7 for the hypoxic group) samples were thawed and homogenized at a 3:1 ratio in sterile polypropylene tubes in a solution composed of Tris-HCl 20 mM pH 8.6, PMSF (phenylmethylsulphonylfluoride) 0.5 mM as an antiproteolytic agent and β-mercaptoethanol 0.01 percent (w/v) as a reducing agent. Samples were then centrifuged at 20,000 Â g for 1 h at 4 1C in a Mikro 220R Hettich centrifuge (Germany). The supernatants were carefully separated from the pellet, transferred to new sterile polypropylene tubes and heated at 70 1C for 10 min. A second centrifugation was performed at 20,000 Â g for 30 min at 4 1C and the final supernatants were then separated from the pellet and frozen at À 80 1C until use. These purified samples were used in all further MT analyses.
MT quantification by spectrophotometry (Ellman's reaction)
The supernatant containing the MT was incubated for 30 min in the dark with 1 M HCl in 4 mM EDTA and 2 M NaCl containing 0.43 mM DTNB (5,5-dithiobis-2-nitrobenzoic acid) buffered with 0.2 M Na-phosphate, pH 8.0 (Duquesne and Richard, 1995; Ellman, 1959) . The samples were then centrifuged at 3000 Â g for 5 min and the supernatant absorbance was evaluated at 412 nm. Metallothionein concentrations were estimated using reduced glutathione (GSH) as standard. MT content was calculated by assuming the relationship of 1 mol MT¼ 20 mol GSH, as described by Kagi (1991) for fish.
TBARS assay
TBARS content in liver was determined according to Draper and Hadley (1990) (n ¼10 for the normoxic group, and n¼ 6 for the hypoxic group). Approximately 300 mg of liver were homogenized in 5 mL of 5 percent (w/v) TCA and 0.5 mL of 0.5 g L À 1 BHT using a Potter-Elvehjem glass/Teflon homogenizer (Potter, 1955) .
The homogenates were kept in boiling water for 30 min, cooled at room temperature and centrifuged at 1000 Â g for 10 min. Supernatants were collected and mixed with 0.35 percent (w/v) TBA (1:1 v/v) and then kept in boiling water for 30 min. The mixture was cooled at room temperature and read in a Shimadzu UV-160 spectrophotometer at 532 nm. TBARS content in the sample was calculated using a standard curve of tetramethoxypropene and expressed as nmol g À 1 wet tissue.
Total GSH assay
Total glutathione was determined according to Anderson (1985) in liver only (n ¼10 for the normoxic group, and n¼ 6 for the hypoxic group). Livers were homogenized at 5 percent (w/v) 5-sulfosalicilic acid (1:5 w/v) using a PotterElvehjem glass/Teflon homogenizer (Potter, 1955) . Homogenates were centrifuged at 12,000 Â g for 5 min. The resulting supernatant containing glutathione was stored at À 20 1C until use. An aliquot of supernatant was added to a reaction medium containing 0.8 mM EDTA, 0.6 mM DTNB, 0.175 mg mL À 1 NADPH, 1.25 U mL À 1 glutathione reductase in sodium phosphate buffer 0.1 M pH 7.5.
The rate of 2-nitro-5-thiobenzoic acid (TNB) formation was continuously monitored in a Shimadzu UV-160 spectrophotometer at 412 nm. Total glutathione concentration was calculated using a standard curve of reduced glutathione and expressed as μmol g À 1 wet tissue.
Statistical analyses
Data normality was tested using the Shapiro-Wilkes W test prior to additional statistical analyses. As the analytical data showed a normal distribution, parametric tests were used. The Student's t-test was used to verify statistical differences between MT expression of the controlled and exposed group, for both bile and liver and for GSH and TBARS in both groups for liver. A p value of less than 0.05 was considered as indication of statistical significance.
Results
MT quantification by spectrophotometry (Ellman's reaction) in pacu liver and bile
Statistically significant differences were observed for both pacu liver MT and bile MT in the hypoxic and normoxic subjects (p o0.05). Biliary MT excretion was indeed proven in this neotropical fish species, following the same trend as liver MT, where fish from the control group showed significantly higher MT values than the hypoxia-induced fish in both liver and bile. When comparing basal liver and bile MT levels in the normoxia group, a statistically significant difference was observed, with bile MT approximately 1.4-fold higher than liver MT. Fig. 1 shows the MT values as determined by this assay (means 7standard error).
Total GSH quantification in pacu liver
Statistically significant differences were observed for GSH levels in pacu liver (p o0.05), in which the hypoxic group showed significantly lower concentrations than normoxic fish (Fig. 2) .
TBARS quantification in pacu liver
No statistically significant difference was observed for TBARS production in pacu liver for both groups (Fig. 3) .
Discussion
The differences observed for liver and bile MT concentrations in the present study are interesting, since, usually, MT levels become higher levels in situations such as exposure to metals and complex mixtures (Ahmad et al., 2000; Hauser-Davis et al., 2012) . In the present study, bile MT levels, originating from liver excretion in pacu, were significantly higher than liver MT levels, contrasting with previous reports regarding biliary and liver MT concentrations in other fish species, such as Oreochromis niloticus (Hauser-Davis et al., 2012) . This suggests that, in hypoxic pacu, rapid excretion of MT in bile is indicative of organism responses being more quickly observed in bile, while liver would take more time to accumulate MT before excretion. This is in accordance with studies that indicate that, in between feeding occasions, bile accumulates in the gallbladder and, in order to accommodate the continual influx of fresh bile, water is continuously extracted from the gallbladder. This process results in rapid excretion of the gallbladder content from the body, leading to a rapid metabolism and elimination of contaminants from the body (Galgani et al., 1992) .
Pacu are well adapted to hypoxia in the waters of the South American Pantanal. Previous reports indicate that hepatic enzymes in this species are present in high levels in normoxia conditions (Bastos et al., 2007) . One example is GPX-1, a selenoprotein involved in quenching hydrogen peroxide and fatty acid peroxides, providing effective antioxidant actions. Such a high performance of H 2 O 2 quenching has been postulated to be an evolutionary trait that has enabled liver cells of these Neotropical species to cope with elevated levels of H 2 O 2 provoked by continual hypoxia/ Fig. 1 . MT levels in pacu bile and liver (means 7standard error). Statistically significant differences are shown as ( n ). normoxia cycles (Bastos et al., 2007) . The results obtained in the present study seem to indicate this is the case with other antioxidant defenses, such as MT. The decrease in MT levels during hypoxia conditions observed in the present study, however, is interesting and has not been observed before in hypoxic situations in fish. In fact, several reports in different matrices, such as different human and mouse cells in vitro, indicate that MT are usually up-regulated in hypoxic conditions (Feng et al., 2007; Kojima et al., 2009; Raleigh et al., 1998) . In cod, however, MT levels in liver after prolonged exposure to low, sub-optimal, oxygen saturation levels were not altered (Olsvik et al., 2006) . Thus, one hypothesis to explain these results is that the expression of MT under normoxic conditions is a feedback loop. Under hypoxic conditions the stimulus (oxygen) is removed, leading to a drop in MT levels as a result, since high MT in situations with high oxygen and reactive oxygen species (ROS) and low MT in situations with low oxygen and ROS are to be expected if the function of MT is to scavenge free radicals and protect the liver from peroxidation. However, the fact that long periods of hypoxia are followed by a sudden reintroduction of oxygen in the case of the Pantanal area (Alho and Silva, 2012) should also be taken into account. Rapid changes in oxygen availability, such as the change from hypoxic to normoxic conditions, usually cause a burst of ROS production sufficient to overwhelm the existing capacity of antioxidant defenses, thereby leading to oxidative damage (English and Storey, 2003) . For many organisms, survival during reoxygenation depends on adaptive mechanisms that are initiated during hypoxia (Hermes-Lima and Zenteno-Savin, 2002) . These mechanisms seem to be regulated by transcription factors, such as HIF-1, that may be activated by ROS generated in this condition (Hamanaka and Chandel, 2009 ). Thus, although high ROS concentrations may be harmful to organism integrity, the controlled increase of ROS concentrations in hypoxia may be essential to deal with the oxidative stress caused by reoxygenation. Apparently, higher ROS levels in hypoxia are due to, mainly, the increase in the production of these molecules around the respiratory chain (Hamanaka and Chandel, 2009 ) On the other hand, some authors suggest that this event can also be caused by the repression of components of the antioxidant system. This may be the case in the present study, since hypoxia induction caused lower GSH levels as well as nonsignificant changes in TBARS production, indicating that lipid peroxidation in this organ was not affected by low oxygen levels, corroborating the previous studies of Sampaio et al. (2008) , further indicating this species resistance to hypoxic conditions. Another hypothesis regarding the observed lower MT levels in hypoxia conditions in the present study comes from the fact that the down-regulation of oxidant scavengers during oxidative burst cycles has been postulated as being important for defense signaling, which has been observed previously in mammalian macrophages, plants and salamanders (Irato et al., 2001; Issartel et al., 2009; Wong et al., 2004) . This would consist of the production of oxidants in the organism caused by hypoxia situations, that would then cause thiolate oxidation and subsequent metal loss, thus reducing cellular MT content, indicating evidence of the involvement of MT in scavenging oxidant radicals in hypoxia-exposed fish (Irato et al., 2001) . Since in the present study our TBARS results showed a non-significant difference between the normoxic and hypoxic fish, oxidant production was not extreme. Therefore, our study can also corroborate this theory, since GSH was significantly lower in hypoxic livers, and MT was significantly lower in both bile and liver. The results of the present study, therefore, seem also to suggest that metallothioneins may actively participate in redox regulation in hypoxic fish, and that their levels may be temporarily suppressed. This supports the notion that down-regulation of oxidant scavengers during the oxidative burst is important in defense signaling in these adapted organisms. Further studies with normoxia/hypoxia cycles are necessary in order to further characterize MT behaviour in these situations in the pacu fish, and to verify if MT in liver and bile would return to basal levels during reoxygenation.
Conclusions
The hypoxia-adapted neotropical fish pacu present significantly lower metallothionein and glutathione levels in hypoxic situations, whereas TBARS production indicative of lipid peroxidation was not significantly different between hypoxic and normoxic fish. The results of the present study, thus, seem to suggest that metallothioneins may actively participate in redox regulation in hypoxic fish, and that their levels may be temporarily suppressed, supporting the notion that down-regulation of oxidant scavengers during the oxidative burst is important in defense signaling in these adapted organisms.
